Abstract
181,998 tonnes (2011), and dispersion dyes -from 150,000 tonnes (1998) to 570,000 metric tonnes (2011). In the case of acid dyes, which also comprise an important group, it reached 680,000 tonnes (2011) [8] . The dye manufacturing industry represents a relatively small part of the entire chemical industry, but global dye production is estimated at almost 800,000 tonnes per year [9] . In addition, technological processes used in the textile industry are characterised by a significant demand for water, which is variable and depends, among others, on the type of fabric produced. It is assumed that on average it is 80-150 m 3 of water per 1 ton of product [10] . Other authors state that with a daily production of 12-20 tons of textiles, water consumption may vary in the range of 1,000-3,000 m 3 [11] [12] . About 30-40% of water is used for main chemical processes and dyeing, while 60-70% is consumed in washing processes [13] . The considerable demand of textile industry processes for water on the one hand and the necessity of using many chemical compounds of organic (mainly dyes) and inorganic origin on the other results in the creation of a large amount of wastewater with diverse chemical composition. Due to the fact that some of the dyes used are toxic, the resulting wastewater is a serious environmental problem and is characterised by low susceptibility to biodegradation [14] . In some cases, dyes may degrade under anaerobic conditions. As a result of this process, potentially carcinogenic
Introduction
The textile industry is one of the largest and oldest in the world [1] . It produces three main types of fibres, i.e.: cellulose, protein and synthetic. Many inorganic and organic compounds (including dyes) are used in textile factories in order to give fabrics specific properties. Dyes used in the textile industry, are classified as reactive, direct, naphthol and indigo. For dyeing cellulose fibres, reactive, direct, vat and sulphur dyes are used, in the case of wool: acid, metal-complex and special reactive dyes, for polyester fibres (PE): disperse dyes, for polyamide fibres (PA): acid, metal-complex (type 1:2), reactive and special disperse dyes, and for polyacrylic fibres (PAN): cationic and basic dyes. Other types of fibre such as protein fibres usually require the use of acid and lanaset dyes. In general, disperse, direct and basic dyes are used for the dyeing of synthetic fibres [2] [3] [4] [5] [6] . The increasing demand for fabrics to be attractive not only in terms of their functional properties but also visual ones, encourages the use of colouring agents, which is also associated with the growing demand for dyes and the increase in their production. It was estimated that the global consumption of reactive dyes in 1988-2004 increased almost three times and amounted to 178,000 tonnes in 2004 [7] . Similarly, the global export and import of direct dyes increased from 53,848 tonnes (1992) to compounds may be formed and then be found in the food chain [15] . In addition, wastewater containing high concentrations of dyes is characterised by a negative impact on surface waters, because they prevent the penetration of light and oxygen into deeper layers of water and, in this way, may prevent the normal functioning and development of aquatic organisms [16] . The physicochemical parameters of industrial wastewater vary widely and depend on many factors, including the technical and technological level of industrial plants. In general, the physicochemical parameters of wastewater depend on the dyeing technology of different fibres. The data quoted in the reference literature indicate that individual values of physicochemical parameters may vary within the range of 25-65 °C, 3.9-14 (pH), 90.7-5,980 mg/l (total dissolved solids, TDS), 0-7 mg/l (dissolved oxygen, DO), 41-2,430 mg O 2 /l (chemical oxygen demand, COD), 10-786 mg/l (biochemical oxygen demand, BOD), 24.9-3.950 mg/l (total suspended solids, TSS) and 250-63,750 μS/cm (electrical conductivity, EC) [13] . The problem of dyeing wastewater treatment is very important, among others, due to high TDS values, the non-biodegradable character of dyes present in wastewater as well as to the presence of free chlorine and dissolved silica [17] . Conventional processes involving the chemical precipitation and subsequent coagulation and flocculation of precipitates are usually ineffective and should only be used as pre-treatment processes. As a result of their use, the impurities present in the liquid phase (wastewater) are transferred to the precipitate, without the possibility of oxidation (degradation) of dyes and organic compounds contained in the wastewater. Moreover, an additional problem is the storage or processing of deposits that contain substances potentially dangerous to the natural environment. In the subject literature there is a prevailing view that the methods and chemicals used for wastewater treatment should be characterised not only by high efficiency in removing pollutants, but they should also be environmentally friendly and implement the principles of 'green chemistry'. This concept is very well suited to the use of potassium ferrate(VI) (K 2 FeO 4 ), which is an 'environmentally friendly oxidant', and its use in wastewater technology is related to its ability to efficiently oxidise many organic pollutants while producing non-toxic Fe(OH) 3 [18] . The oxidising agent is, which contains Fe(VI) ion, characterised by a stronger oxidising action in an acidic (2.20 V) rather than alkaline (0.72 V) [19] 
Analytical methods
The pH value was determined using an Inolab ® pH/Ion/Cond 750 and SenTix ® 81 electrode (WTW, Germany) [22] . The content of K 2 FeO 4 in Envifer by 505 nm was determined using a UV-VIS spectrophotometer (Cary ® 50 UV-VIS, Varian Inc., Australia) [23] . The COD value after removing the excess of H 2 O 2 by means of solid MnO 2 was determined by the standard dichromate method using a Nanocolor ® 500D spectrophotometer (Macherey-Nagel, Germany) [24] . The content of H 2 O 2 in samples of purified wastewater was determined by the manganometric method after filtering the sample through a syringe membrane filter (0.45μm) [25] . Wastewater toxicity before and after the reaction was tested according to the Microtox ® Omni screening test procedure (Microtox ® M500, Modern Water PLC, United Kingdom) [26] .
The test result was expressed as a percentage of bioluminescence inhibition resulting from the inhibition of metabolic processes of indicator organisms subjected to 15 min. exposure to the wastewater sample, relative to the control test. A 2% NaCl solution was used as a control test.
Toxicity against Brachionus plicatilis was tested in accordance with [27] [28] using neonates of Rotifer B. plicatilis due to the relatively high conductivity of real wastewater (6,250±313 µS/cm). Although the Aliivibrio fischeri test is the standard procedure, Brachionus plicatilis is also used for model tests in ecology and toxicology. 20 ml of the wastewater was diluted with 200 ml of synthetic seawater containing 20 neonates of Rotifer 
Experimental procedure
The tests were carried out at a constant temperature of 20±1 °C, in beakers containing 500±2.5 ml of the wastewater examined, which was mixed with a magnetic stirrer at a constant speed (250 rpm, MS11, Wigo, Poland). A sample of Envifer® (K 2 FeO 4 ) was added to a measured wastewater sample, the pH adjusted with 25% H 2 SO 4 to a certain value, and the reaction was continued for a specified time (oxidation by using K 2 FeO 4 The efficiency of COD removal from wastewater is the result of oxidation and, to a small extent, the coagulation (Fe(III)) processes. concentration (L and Q) was defined as a non-significant parameter (p > 0.05).
Values of the determination coefficient (R 2 ) and improved determination coefficient (R 2 adj ), which are a measure of the quality of model fit to experimental values, were 0.8799 and 0.7999, respectively, which indicated a good fit of the model to experimental values. In addition, the value of the mean square error was also small (MS = 0.0393). Results of verification of the adequacy of model coefficients were obtained out using ANOVA. The verification performed confirmed the significance of the three main input parameters, as shown in the Pareto chart (Figure 1) . Estimators of standardised effects were grouped according to their absolute value, and the vertical line marked minimal values of the statistically significant effects, at a significance level of p = 0.05. From the statistical point of view, the CODII value of the treated wastewater, and thus the combined efficiency of the combined oxidation processes, was influenced mostly by pH (Q), K 2 FeO 4 (L) and K 2 FeO 4 (Q), while to the smallest extent by H 2 O 2 (L) and H 2 O 2 (Q). In addition, the relationship between the values observed and estimated, shown in Figure 2 , indicates the correlation of both types of parameters. In this case, the condition for obtaining purified wastewater with a low CODII value is the course of the process (Figure 1) , and therefore an optimal effect is possible over a wide range of concentrations (Figure 3.b) . Figure 3 
ments were carried out using the critical values of input parameters indicated, obtaining an average value for CO-DII = 0.472±0.071 g O 2 /l. Taking into account the uncertainty of COD determination (±15%), the experimental value obtained (CODII) corresponds to the value calculated from the model (0.405±0.061 and 0.472±0.071 g O 2 /l, respectively). In the research presented, the decrease in COD was 75.4%. Other researchers using conventional activated sludge (CAS), followed by effluent polishing with a sand filter and activated carbon observed less efficiency (81.6%) [31] .
Wastewater toxicity
The toxicity of the treated wastewater obtained in verification experiments was tested using Aliivibrio fischeri and Brachionus plicatilis. The tests carried out showed that the combination of chemical oxidation methods (K 2 FeO 4 i Fe(III)/ H 2 O 2 ) used in the treatment of dyeing wastewater, under optimal conditions determined using RSM, caused a reduction (Figure 4) . The degree of toxicity reduction determined using both methods (by 33% for Aliivibrio fischeri and 45% for Brachionus plicatilis) may be related to the formation of intermediate oxidation products of pollutants present in the wastewater, which are also characterised by some toxicity, albeit less than in the starting substances. Research into Direct Blue 86 oxidation and the toxicity of oxidation products allowed to obtain better results in the context of the reduction of wastewater toxicity (reduction of toxicity from 80 to 20%, as compared to Brachionus plicatilis). However, in this case, studies were carried out with a 100 mg/l dye solution in distilled water [27] . Based on the toxicity tests conducted using Aliivibrio fischeri according to the standardised method [26] , raw wastewater should be classified as highly toxic (range 75.1-100% of the toxic effect), whereas the treated wastewater obtained -as toxic (range 50.1-75% of the toxic effect) [32] .
Conclusions
The paper presents the results of using two methods of advanced chemical ox- 
